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The last seven nucleotides of the 39-end of rotavirus mRNAs, 59-UGUGACC-39, are highly conserved and form a cis-acting
signal that can promote the synthesis of (2) strand RNA to produce the viral dsRNA genome in vitro. Previous studies have
shown that the sequence, location, and strandedness (single- versus double-stranded) of the 39-consensus sequence of the
mRNA affect the efficiency of (2) strand synthesis. In this study, we have used exhaustive mutagenesis of the SA11 gene 8
mRNA and an in vitro replication system to define the importance of each of the residues in the consensus sequence in (2)
strand synthesis. The analysis showed that the CC of the consensus sequence was the most critical for (2) strand synthesis.
Furthermore, the data revealed that other, but not all, residues of the consensus sequence contributed to efficient (2) strand
synthesis in vitro. Mutant gene 8 RNAs supported an intermediate level of (2) strand synthesis when the 15 nt sequence
upstream of the CC was replaced with long tracts of poly(A) or poly(U), but not with poly(G). Predictions of the secondary
structure of the mutant RNAs suggested that the poly(G)-RNA could not replicate because its 39-terminus was largely
basepaired, instead of extending as a single-stranded tail as is the case for the 39-termini of the poly(A)- and poly(U)-RNAs
and wild-type gene 8 RNA. Subsequent experiments performed with complementary oligonucleotides indicated that efficient
RNA replication occurs in vitro only when the last four residues of the 39-consensus sequence, and most importantly the two
terminal C’s, existed in a single-stranded form. A single-stranded CC may be crucial for formation of an initiation complex for
(2) strand synthesis consisting of viral RdRP, mRNA, and the dinucleotide pGpG.INTRODUCTION
Rotaviruses, members of the family Reoviridae, are the
major cause of severe dehydrating diarrhea in infants
and young children, resulting in nearly one million
deaths annually (Kapikian, 1996). The rotavirus genome,
which consists of 11 segments of double-stranded RNA
(dsRNA), is surrounded by three concentric layers of
protein (Estes, 1996). The outer layer is made up of 60
dimers of the spike protein VP4 and 260 trimers of the
glycoprotein VP7, and the middle layer is made up of 260
trimers of VP6. Both the outer and the middle layers are
arranged in a T 5 13 icosahedral lattice (Prasad et al.,
1988). The inner layer is made up of 60 dimers of VP2
which, along with RNA-dependent RNA polymerase
(RdRP) VP1 and capping enzyme VP3, form the T 5 1
virion core (Lawton et al., 1997). The rotavirus RdRP
functions both as a transcriptase and as a replicase,
activities which catalyze the synthesis of viral mRNA and
the dsRNA genome, respectively.
Exposure to chelating agents disrupts the outer VP4–
1 Present address: Infectious Diseases Research, Eli Lilly and Com-
pany, Lilly Research Laboratories, DC 0438, Indianapolis, IN 46285.2 To whom correspondence should be addressed. E-mail: jpatton@
atlas.niaid.nih.gov.
221VP7 layer of virions and can be used to generate double-
layered particles (DLPs; Cohen et al., 1979). DLPs can
catalyze the synthesis of the 11 viral mRNAs in vitro
using the endogenous dsRNA genome segments as
templates (Cohen et al., 1979; Spencer and Arias, 1981).
The VP6 middle layer can be subsequently removed by
treating DLPs with chaotropic agents, such as CaCl2,
and this treatment can be used to prepare core particles
composed of VP1, VP2, and VP3 and the dsRNA genome
(Almeida et al., 1979; Bican et al., 1982). When exposed to
hypotonic buffer, core particles are disrupted and re-
lease the genome segments, yet still retain a particulate
structure (Chen et al., 1994). The disrupted core particles
are termed open cores and, in the presence of Mg21 and
the four ribonucleotides (rNTPs), they can catalyze the
synthesis of dsRNA in vitro using cDNA-derived rotavirus
mRNAs as templates (Chen et al., 1994). Corelike parti-
cles with replicase activity can also be made by coin-
fecting insect cells with recombinant baculoviruses en-
coding VP1, VP2, and VP3 (Zeng et al., 1996). Since both
cores with replicase activity and viral mRNAs can be
generated from viral cDNAs, the rotavirus cell-free repli-
cation system provides a useful tool to study the function
of viral proteins and the nature of the cis-acting signals
in viral mRNAs that promote RNA replication.
The viral mRNAs of the group A rotaviruses share no
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222 CHEN ET AL.homology except for short sequences at their 59- and
39-termini, which are almost always 59-GGC(A/U)6–8-39
and 59-UGUGACC-39, respectively. Previous studies us-
ing the open-core replication system have revealed that
the 39-consensus sequence (UGUGACC) contains a cis-
acting signal that is essential for (2) strand synthesis
(Patton et al., 1996; Wentz et al., 1996). Features of the
9-consensus sequence that are important for RNA rep-
ication in vitro include its sequence, position, and
trandedness (i.e., single- as opposed to double-
tranded; Chen and Patton, 1998). Other signals residing
t the 59- and 39-ends of viral mRNAs also contribute to
fficient (2) strand synthesis, although they are less
ritical to the process than the 39-consensus sequence.
he nonessential 59 and 39 signals are believed to base-
air in cis to form a panhandle structure from which the
39-consensus sequence extends as a single-stranded
tail.
In this communication, we have used exhaustive mu-
tagenesis to analyze the importance of each position of
the 39-consensus sequence in promoting (2) strand syn-
thesis. Our results demonstrate that, although residues
throughout the consensus sequence contribute to effi-
cient (2) strand synthesis, the 39-terminal CC plays an
essential role in this process. Experiments performed
with complementary deoxyoligonucleotides (oligos) also
revealed that efficient RNA replication can occur only
when the last four residues of the 39-consensus se-
quence, and most importantly the two 39-terminal C’s,
exist in a single-stranded form. The requirement for a
single-stranded CC in replication is consistent with the
results of a recent study suggesting that initiation of
rotavirus (2) strand synthesis involves the formation of a
ternary complex consisting of the viral RdRP, mRNA, and
the dinucleotide pGpG (Chen and Patton, 2000).
RESULTS
Impact of mutagenesis of the 39-consensus sequence
on (2) strand synthesis
The importance of the 39-consensus sequence in
dsRNA synthesis was assessed by exhaustive mutagen-
esis of the 39-terminal nine nucleotides of the rotavirus
gene 8 mRNA. To prepare the gene 8 mRNAs, polymer-
ase chain reaction (PCR) was used to generate gene 8
cDNAs containing a 59-terminal T7 promoter and the
desired 39-terminal point mutation. The primers used in
the amplification reactions are shown in Table 1. Elec-
trophoresis on denaturing agarose gels revealed that the
T7 transcripts synthesized from the PCR products were
homogeneous in nature and of the correct size (data not
shown). The gene 8 wild-type and mutant RNAs were
incubated with open cores and [32P]UTP, and the radio-
abeled dsRNA products were detected by electrophore-
is on polyacrylamide gels containing sodium dodecyl
ulfate (SDS–PAGE) and autoradiography (Fig. 1). Phos-
a
ihorimaging was used to quantify the amount of newly
ade dsRNA (Fig. 2). The results showed that mutation
f residue C(21) of the gene 8 mRNA had the single
reatest impact on (2) strand synthesis, reducing its
evel by 10- to 100-fold. Mutation of C(22) had the second
reatest impact, causing a 4- to 10-fold decrease in
ynthesis. On the other hand, mutation of A(23), U(25),
r U(27) of the gene 8 mRNA had an intermediate affect,
educing the synthesis of (2) strand RNA by 2- to 3-fold.
owever, not all the changes made to each of these
esidues reduced synthesis to the same extent. For ex-
TABLE 1
Minus Sense Primers Used to Prepare Templates
for T7 Transcription
Template RNA Sequence
G8–WT 59-GGTCACATAAGCGCTTTCTATTCTTGC-39
G8–1U 59-AGTCACATAAGCGCTTTCTATTCTTGC-39
G8–1A 59-TGTCACATAAGCGCTTTCTATTCTTGC-39
G8–1G 59-CGTCACATAAGCGCTTTCTATTCTTGC-39
G8–2U 59-GATCACATAAGCGCTTTCTATTCTTGC-39
G8–2A 59-GTTCACATAAGCGCTTTCTATTCTTGC-39
G8–2G 59-GCTCACATAAGCGCTTTCTATTCTTGC-39
G8–3U 59-GGACACATAAGCGCTTTCTATTCTTGC-39
G8–3C 59-GGGCACATAAGCGCTTTCTATTCTTGC-39
G8–3G 59-GGCCACATAAGCGCTTTCTATTCTTGC-39
G8–4U 59-GGTAACATAAGCGCTTTCTATTCTTGC-39
G8–4C 59-GGTGACATAAGCGCTTTCTATTCTTGC-39
G8–4A 59-GGTTACATAAGCGCTTTCTATTCTTGC-39
G8–5C 59-GGTCGCATAAGCGCTTTCTATTCTTGC-39
G8–5A 59-GGTCTCATAAGCGCTTTCTATTCTTGC-39
G8–5G 59-GGTCCCATAAGCGCTTTCTATTCTTGC-39
G8–6U 59-GGTCAAATAAGCGCTTTCTATTCTTGC-39
G8–6C 59-GGTCAGATAAGCGCTTTCTATTCTTGC-39
G8–6A 59-GGTCATATAAGCGCTTTCTATTCTTGC-39
G8–7C 59-AGTCACGTAAGCGCTTTCTATTCTTGC-39
G8–7A 59-AGTCACTTAAGCGCTTTCTATTCTTGC-39
G8–7G 59-AGTCACCTAAGCGCTTTCTATTCTTGC-39
G8–8U 59-AGTCACAAAAGCGCTTTCTATTCTTGC-39
G8–8C 59-AGTCACAGAAGCGCTTTCTATTCTTGC-39
G8–8G 59-AGTCACACAAGCGCTTTCTATTCTTGC-39
G8–9C 59-AGTCACATGAGCGCTTTCTATTCTTGC-39
G8–9A 59-AGTCACATTAGCGCTTTCTATTCTTGC-39
G8–9G 59-AGTCACATCAGCGCTTTCTATTCTTGC-39
G8–UU 59-AATCACATAAGCGCTTTCTATTCTTGC-39
G8–AA 59-TTTCACATAAGCGCTTTCTATTCTTGC-39
G8–GG 59-CCTCACATAAGCGCTTTCTATTCTTGC-39
G8–DD 59-TCACATAAGCGCTTTCTATTCTTGC-39
G81CC 59-GGGGTCACATAAGCGCTTTCTATTCTTGC-39
G81UU 59-AAGGTCACATAAGCGCTTTCTATTCTTGC-39
G81AA 59-TTGGTCACATAAGCGCTTTCTATTCTTGC-39
G81GG 59-CCGGTCACATAAGCGCTTTCTATTCTTGC-39
G8–G15 59-GGCCCCCCCCCCCCCCCCTATTCTTGCTAA-
GCCATCATCATCCC-39
G8–A15 59-GGTTTTTTTTTTTTTTTCTATTCTTGCTAAGCC-
ATCATCATCCC-39
G8–U15 59-GGAAAAAAAAAAAAAAACTATTCTTGCTAAG-
CCATCATCATCCC-39mple, the changes A(23)3 U and U(25)3 C had less
mpact on synthesis than mutation of these residues to C
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223ROTAVIRUS MINUS STRAND SYNTHESISand A, respectively. Overall, mutation of G(24), G(26),
A(28), and U(29) had relatively little or no impact on (2)
strand synthesis. However, the changes G(24)3 C and
G(26)3 C caused a decrease (;30%) in synthesis that
FIG. 1. Synthesis of dsRNA with gene 8 mRNAs containing mutation
RNA were mutated in an exhaustive fashion. Wild-type (WT) and the
trand RNA in the open core replication system. The 32P-labeled dsRN
M, genomic dsRNA markers.
FIG. 2. Effect of mutations in the consensus sequence on (2) stran
mRNAs with wild-type (WT) or mutant 39-ends were resolved by SDS–PAGE
mutant RNAs were normalized to a value of 100% for the wild-type gene 8 mwas not observed for the changes G(24) 3 A or U and
(26) 3 A or U. Quantitatively similar results were
btained with independent assays, indicating that the
esults of the analysis were reproducible. Together,
39-consensus sequence. The 39-terminal 9 nucleotides of the gene 8
gene 8 RNAs (0.1 mg) were used as templates for the synthesis of (2)
ucts were resolved by SDS–PAGE and visualized by autoradiography.
esis. The 32P-labeled dsRNA products made by replication of gene 8s in the
mutantd synth
and quantified with a phosphorimager. The values obtained with the
RNA.
alized
V. Nuc
224 CHEN ET AL.these data indicate that the CC of the consensus se-
quence plays a critical role in achieving efficient (2)
strand synthesis. Furthermore, the data show that other
residues, i.e., A(23), U(25), and U(27), but not neces-
sarily all residues of the 39-consensus sequence, i.e.,
G(24) and G(26), contribute importantly to efficient (2)
strand synthesis in vitro.
Importance of the relative location of the 39-terminal
sequence on (2) strand synthesis
To further examine the role of the CC of the consensus
sequence in RNA replication, mutant gene 8 mRNAs
were prepared in which these residues were deleted or
replaced with AA, GG, or UU. Consistent with the results
presented above (Fig. 2), when the CC was deleted or
mutated to AA, GG, or UU, the level of (2) strand syn-
thesis was 25 to 100 times less than that of wild-type
gene 8 mRNA (Fig. 3). To examine the effect of adding
nonviral nucleotides to the 39-end of the gene 8 mRNA on
replication, transcripts were prepared which contained
two extra nucleotides (AA, CC, GG, or UU) downstream of
the normal 39-end of the RNA (Fig. 3A). When these
mutant RNAs were used as templates in the open-core
system, they supported (2) strand synthesis 3 to 5 times
less efficiently than wild-type gene 8 mRNA (Fig. 3B).
Thus, regardless of the type of nucleotides added to the
39-end, their presence interfered with the ability of the
cis-acting replication signals of the viral mRNA to pro-
mote (2) strand synthesis. However, the reduction in (2)
strand synthesis was intermediate of that observed for
mutant RNAs in which the CC of the consensus se-
quence had been either deleted or mutated suggesting
that the ability of the CC to promote dsRNA synthesis
was not entirely blocked by the addition of two extra
nucleotides. Nonetheless, the data indicate that the con-
sensus sequence must be present at the 39-terminus of
FIG. 3. Importance of sequence and position of the 39-terminal CC re
with the indicated 39-terminal sequences were prepared by T7 transcrip
used as templates in open core replication assays. The dsRNA produ
phosphorimager. The values obtained with the mutant RNAs were norm
Lane 1, 32P-labeled genomic dsRNA of the monoreassortant DS1 3 RRthe mRNA template for the synthesis of maximum levels
of (2) strand RNA in vitro.Effect of intramolecular basepairing on (2) strand
synthesis
To examine the contribution of the CC to (2) strand
synthesis relative to the other nucleotides of the consen-
sus sequence, three mutant RNAs were prepared in
which residues 23 to 217 were replaced with a stretch
of 15 A (G8–A15), G (G8–G15), or U (G8–U15) residues
(Fig. 4A). Because of these changes, the only portion of
the consensus sequence that the mutant RNAs con-
tained was the CC. Assay of the G8–A15 and G8–U15
RNAs in the open-core replication system revealed that
these RNAs supported an intermediate level of (2)
strand synthesis (;30% of wild-type gene 8 mRNA) (Fig.
4B). Together the results presented here and above (Fig.
3) indicate that while the CC of the consensus sequence
is essential for efficient (2) strand synthesis in vitro, the
remainder of the consensus sequence (UGUGA) plays a
lesser role in promoting this process. On the other hand,
the data do provide evidence that the UGUGA sequence
contributes information that is required for achieving
maximal levels of (2) strand synthesis by open cores.
In contrast to the G8–A15 and G8–U15 RNAs, the
G8–G15 RNA was an inactive template for (2) strand
synthesis in the open-core system (Fig. 4B). Thus, al-
though essential, the presence of CC at the end of an
RNA is not sufficient for the RNA to serve as a template
for (2) strand synthesis. In an attempt to gain insight into
why the mutant RNAs differed in the ability to support (2)
strand synthesis, the mfold program was used to predict
their secondary structures (Zuker, 1989, 1994). As re-
ported previously, the wild-type gene 8 mRNA was com-
puted to fold to produce a 59–39 panhandle in which the
consensus sequence extends as a single-stranded tail
(Fig. 4C; Patton et al., 1996). Likewise, the G8–A15 and
G8–U15 RNAs were predicted to fold such that their
on (2) strand synthesis. (A) Wild-type (WT) and mutant gene 8 mRNAs
ene 8 cDNAs. (B) The wild-type and mutant gene 8 RNAs (0.1 mg) were
re detected by SDS–PAGE and autoradiography and quantified with a
to an arbitrary value of 100% for the wild-type gene 8 mRNA (lane 2).
leotide deletion is represented as .sidues
tion of g
cts we39-terminal sequences, including their poly(A) or poly(U)
tracts, were not involved in intramolecular basepairing,
i
a
8
q
L
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tFIG. 4. Importance of the upstream portion of the consensus sequence on (2) strand synthesis. (A) Wild-type (WT) and mutant gene 8 mRNAs with the
ndicated 39-terminal sequences were prepared by T7 transcription. For the G8-G15, G8-A15, and G8-U15 RNAs, the 15 nucleotide sequence prior to the CC
t the 39-terminus of the wild-type RNA was replaced with a 15 nucleotide stretch of G, A, or U residues, respectively. (B) The wild-type and mutant gene
RNAs (0.1 mg) were used as templates in open-core replication assays. The dsRNA products were detected by SDS–PAGE and autoradiography and
uantified with a phosphorimager. The values obtained with the mutant RNAs were normalized to a value of 100% for the wild-type gene 8 mRNA (lane 5).
ane 1, 32P-labeled genomic dsRNA of the mono-reassortant DS1 3 RRV. (C) The secondary structures of wild-type and mutant gene 8 RNAs were predicted
using the mfold program (Zuker, 1989, 1994). Portions of the structures indicating the possible interaction between the 59- and 39-ends of the most stable
lowest energy) conformations of the mRNAs are shown. The computed structure predicted for the ends of the wild-type gene 8 mRNA was the same as
hat reported earlier (Patton et al., 1996).225
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226 CHEN ET AL.but rather also extended as single-stranded tails. In
contrast, the 39-terminal sequence of the G8–G15 RNA
was predicted to be extensively basepaired in cis with
the 59-terminal sequence, resulting in the absence of an
extended 39-single-stranded tail (Fig. 4C). Consistent
with previous studies (Chen and Patton, 1998), the RNA-
folding results suggest that the absence of a 39-single-
stranded tail prevents the G8–G15 RNA from serving as
a template for dsRNA synthesis in the open-core repli-
cation system.
Defining 39-terminal nucleotides critical to RNA
synthesis with complementary oligos
The importance of the strandedness of the consensus
sequence to (2) strand synthesis was further examined
using eight overlapping oligos of equal length (14 nts)
that were complementary to the 39-end of the gene 8
mRNA (Fig. 5A). Basepairing of the oligos to the gene 8
mRNA is predicted to leave from 1 to 7 of its 39-terminal
residues in a single-stranded form. When these oligos
were added to the replication assay using gene 8 mRNA
as template, the effect of oligos G8-1059 and G8-1058
was the greatest, inhibiting (2) strand synthesis by 10- to
100-fold (Fig. 5B). Given that annealing of G8-1059 would
cause the entire 39-end of the gene 8 mRNA to exist as
an RNA–DNA duplex, the inhibition in (2) strand synthe-
is observed with this oligo indicated that some or all of
he 39-end of the mRNA must exist in a single-stranded
orm for efficient (2) strand synthesis to occur. Similarly,
he results obtained with G8-1058 indicated that efficient
2) strand synthesis requires the 39-terminal C of the
onsensus sequence to be single-stranded. Assays per-
ormed with G8-1057 and G8-1056 showed that when the
ast two (CC) or three (ACC) residues of the gene 8 mRNA
re in a single-stranded conformation, an intermediate
evel of (2) strand synthesis (50–30%, respectively) took
lace in the open core system (Fig. 5B). [Interestingly,
ligo G8-1056 consistently inhibited (2) strand synthesis
to a greater extent than G8-1057.] Assays performed with
oligos which annealed to the gene 8 mRNA such that the
39-terminal four to seven nucleotides were single-
stranded and the 14 nucleotides immediately upstream
were in an RNA–DNA duplex (G8-1052, -1053, -1054,
-1055) did not affect (2) strand synthesis (Fig. 5B). None
of these oligos inhibited replication significantly when
the assays contained gene 6 mRNA instead of gene 8
mRNA (Fig. 5C); thus, the oligo-mediated inhibition was
sequence specific. These results provide evidence that
for gene 8 mRNA to promote maximal levels of (2) strand
synthesis, its 39-terminal CC must be single-stranded. To
a lesser extent, maximal (2) strand synthesis in vitro also
requires that the -3 and -4 residues likewise be single-
stranded. Notably, the data from the oligo inhibition as-
says indicated that basepairing of residues at -5 to -7
does not impact (2) strand synthesis, but mutagenesis
p
3indicates that these same residues are of intermediate
importance for (2) strand synthesis (Fig. 2).
DISCUSSION
The three regions of rotavirus mRNAs that contain
information important for (2) strand synthesis are as
follows: (i) the 59-UTR; (ii) sequences in the 39-UTR up-
stream of the 39-consensus sequence; and (iii) the 39-
consensus sequence (Patton et al., 1996; Wentz et al.,
996). When transferred to the 39-end of nonviral RNAs,
he 39-consensus sequence will promote replication of
he RNA, albeit at levels much lower than achieved with
ild-type viral mRNA. Because of these properties, the
9-consensus sequence is considered to be the minimal
romoter for (2) strand synthesis. Unlike the minimal
FIG. 5. Effect of complementary oligos on (2) strand synthesis. (A)
The overlapping oligos G8-1052 to G8-1059 are 14 nucleotides in length
and when annealed to the gene 8 mRNA, form RNA–DNA duplexes in
which none of the 39-terminal residues of the RNA are unbasepaired or
from 1 to 7 residues at the 39-terminal end of the RNA are unbasepa-
ired. (B) The oligos (10 pmol) were preincubated with wild-type gene 8
mRNAs (0.28 pmol) in replication assays prior to the addition of the
open cores. The dsRNA products were analyzed by SDS–PAGE and
autoradiography and quantified with a phosphorimager. The values
obtained in the presence of oligos were normalized to an arbitrary
value of 100% for a reaction mixture containing no added oligo (with-
out). (C) Replication assays performed under the same conditions as in
(B) except that gene 8 mRNA was replaced with gene 6 mRNA.romoter, sequences of the 59-UTR and the upstream
9-UTR are not conserved among rotavirus mRNAs.
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227ROTAVIRUS MINUS STRAND SYNTHESISThus, it may be secondary structures formed by the
59-UTR and the upstream 39-UTR and not their primary
equences that are important for promoting (2) strand
ynthesis. Indeed, based on predictions of the folded
tructures of rotavirus mRNAs, complementary se-
uences contained in the 59-UTR and the upstream 39-
UTR have been proposed to stably interact in cis, leading
to the formation of 59–39 panhandles (Chen and Patton,
1998). From these 59–39 panhandles, the computed struc-
tures indicate that the 39-consensus sequence extends
as a single-stranded tail (see Fig. 4C). The importance of
the panhandle to RNA replication may be, at least in part,
to ensure that the 39-consensus sequence is sterically
accessible to the replicase machinery so that the initia-
tion complex for (2) strand synthesis can be formed
(Chen and Patton, 2000).
In the previous studies on the importance of the 39-
consensus sequence on minus-strand synthesis, most of
the RNAs used in the replicase assays contained not
only one or more point mutations but also contained
large deletions which included the 59-UTR or a large
portion of the ORF (Patton et al., 1996; Wentz et al., 1996).
As a result of these deletions, the folding of the RNA was
altered, thereby potentially interfering with the formation
of the structurally dependent promoter for (2) strand
synthesis present in full-length RNA (Chen and Patton,
1998; Patton et al., 1999a). In this study, we have analyzed
the impact of mutations in the 39-consensus sequence in
the context of a full-length RNA containing a fully func-
tional promoter as opposed to a folding-defective RNA
that may lack an intact structurally dependent promoter.
Of the residues of the consensus sequence, our analy-
ses indicated that (i) C(21), followed by C(22), are of
greatest importance for replication; (ii) A(23), U(25), and
U(27) are of intermediate importance; and (iii) G(24) and
G(26) are of little or no importance. Although mutagen-
esis suggests that G(24) and G(26) have at best minor
oles in (2) strand synthesis, the possibility remains that
hese residues play critical spacial roles required for the
inimal promoter to operate. Our results indicating that
(21) and C(22) are the most important residues for
eplication are consistent with previous studies on the
A11 gene 8 RNA (Patton et al., 1996) and the OSU gene
9 RNA (Wentz et al., 1996). Also consistent with the data
reported here, analysis of the OSU gene 9 RNA revealed
that A(23) was of intermediate importance to replication
and that residues from 24 to 27 promote (2) strand
synthesis. In contrast to the data reported here, an ear-
lier study with 59-truncated SA11 gene 8 RNA indicated
that A(23) had no role in promoter activity and that G(26)
was of intermediate importance. These conflicts may
reflect structural differences in the 59-truncated gene 8
RNA used previously and the full-length gene 8 RNA
used in this study. As we report here, assays performed
with the 59-truncated SA11 gene 8 RNA also indicated
that G(24) had no important role in (2) strand synthesis
l
iand that U(27) was of intermediate importance (Patton et
al., 1996).
The presence of the consensus sequence at the 39-
end of the RNA does not ensure that the RNA will serve
as an efficient template for (2) strand synthesis. For
example, if the sequence at the 59-end of the gene 8
mRNA is altered such that it is complementary to the
39-consensus sequence and can form a stable duplex
with the sequence, the RNA is rendered inactive as a
template for replication (Chen and Patton, 1998). If the
59-complementary sequence is deleted, then the ability
of the RNA to promote replication is largely restored.
Given these results, not only is the sequence of the
39-consensus sequence important for replication, but its
strandedness is important as well. Using a set of over-
lapping oligos, we have determined which residues of
the consensus sequence must be single-stranded for
efficient (2) strand synthesis to occur. The analysis re-
vealed that for all but basal levels of replication, C(21)
and C(22) must be single-stranded. For efficient (2)
strand synthesis, residues at 23 (A) and 24 (G) of the
consensus sequence must also be in a single-stranded
form. Replication was affected minimally or not at all by
basepairing of the 25, 26, and 27 residues. Hence, only
the four 39-terminal nucleotides of the consensus se-
quence (GACC) must be unbasepaired to achieve effi-
cient (2) strand synthesis. Considered with the mu-
tagenesis results, these data indicate that both nucleo-
tide identity and strandedness at the 21, 22, and 23
positions of the consensus sequence are important to
replication, whereas neither nucleotide identity nor
strandedness at the 26 position appears to be impor-
tant. Interestingly, nucleotide identity at the 24 position
was generally not important for replication, but the posi-
tion must be single-stranded to achieve efficient (2)
strand synthesis. In contrast, the strandedness of posi-
tions 25 (U) and 27 (U) did not affect replication, but the
dentity of the nucleotides at these positions did. From
hese and previous data (Chen and Patton, 1998), we
onclude that mRNA secondary structure is an important
actor in replication and that misfolding of a viral mRNA
an have a dominant negative impact on the ability of its
9-consensus sequence to promote replication.
Studies with mutant gene 8 RNAs in which residues
3 to 217 were replaced with a poly(A), (G), or (U) tract
erved to further establish that the UGUGA portion of the
onsensus sequence, although not essential for replica-
ion (Fig. 4, G8-A15, and -U15 RNAs), is required to
chieve maximal levels of (2) strand synthesis. In addi-
ion, analysis of these RNAs provided further evidence
hat RNA secondary structure influences efficiency of (2)
trand synthesis. Notably, of the three mutant RNAs, only
he poly(G)-mutant RNA was predicted to fold such that it
acked a single-stranded 39-tail and only this RNA was
ncapable of supporting replication in vitro. This result
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228 CHEN ET AL.again supports the idea that a 39-single-stranded tail is
critical for efficient (2) strand synthesis.
Based on an earlier study, the critical nature of the CC
of the consensus sequence in replication is probably
related to the role of these residues in the formation of a
ternary initiation complex for (2) strand synthesis (Chen
nd Patton, 2000). Besides promoting (2) strand synthe-
is, the last four or five nucleotides of the consensus
equence also operate as a translation enhancer ele-
ent that promotes viral gene expression (Chizhikov and
atton, 2000). The function of the enhancer element is
ediated by NSP3, a protein that is proposed to catalyze
he circularization of viral mRNAs by binding the 39-
equence (U)GACC and the cap-binding protein, eIF4GI
Piron et al., 1998; Poncet et al., 1994). Because of the
mportance of the consensus sequence to viral gene
xpression, it may be that the conservation of residues at
3, 24, and 25 is more the consequence of their es-
ential role in NSP3 binding and less the consequence
f their role in (2) strand synthesis.
MATERIALS AND METHODS
reparation of open cores
The mono-reassortant virus DS1 3 RRV (Midthun et
l., 1985) was grown in MA104 cells and purified by two
ounds of centrifugation on CsCl gradients. Open cores
ere prepared from purified virions and the dsRNA ge-
ome was removed from the preparation using micro-
occal nuclease (Chen and Patton, 1998).
reparation of cDNA templates for T7 transcription
PCR was used to generate wild-type and mutant gene 8
DNAs and wild-type gene 6 cDNAs for T7 transcription
Chen and Patton, 1998). For the gene 8 RNAs, the template
ncluded in the amplification reactions was SA11 gene 8
DNA prepared from the plasmid SP65g8R (Patton et al.,
996) by digestion with BamHI and HindIII. The released
ene 8 cDNA fragment was gel purified with a Qiaex II Kit
Qiagen). The plus-sense primer T7G8/1, 59-agataatac-
gactcactataGGCTTTTAAAGCGTCTC-39, included in the am-
plification reactions linked the promoter for T7 RNA poly-
merase (underlined) to the 59-terminus of the gene 8 cDNA
(uppercase). The minus-sense primers used in the amplifi-
cation reactions to generate wild-type and mutant gene 8
RNAs are listed in Table 1. For the wild-type gene 6 mRNA,
the amplification reaction mixture included the plasmid
pMJ5B6.4 (Patton et al., 1997) and the plus-sense primer
7G6/1, 59-agataatacgactcactataGGCTTTTAAACGAAGTC-
TC-39, and the minus-sense primer, 59-GGTCACATCCTCT-
ACTATA-39.
ynthesis of viral RNAs by T7 transcriptionThe wild-type and mutant gene 8 RNAs were synthe-
ized from the T7 promoter-linked gene 8 PCR products Bsing MEGAscript T7 transcription kits (Ambion) accord-
ng to the protocol recommended by the manufacturer.
he RNA transcripts were purified by phenol-chloroform
xtraction and passed through Sephadex G-50 columns
o remove unincorporated NTPs and primers. The quality
f the RNA transcripts was assessed by electrophoresis
n 1% agarose gels containing 2% formaldehyde (Sam-
rook et al., 1989). RNA concentrations were determined
pectrophotometrically.
pen core replication assay
Replication assays were performed as described pre-
iously (Chen and Patton, 2000). The standard reaction
ixture contained 50 mM Tris–HCl (pH 7.2), 5 mM MgCl2,
mM dithiothreitol, 20 U of RNasin (Promega), 200 mM
each of the four individual NTPs (Life Technologies), 0.1
to 0.2 mg of template RNA (0.28 to 0.56 pmoles), 0.4 mg of
open cores, and 10 mCi [a-32P]UTP (800 Ci/mmole, NEN),
n a final volume of 20 ml and was incubated at 32°C for
h. Under these conditions and assuming that each core
ontains 12 replicase complexes (one per pentamer;
atton and Spencer, 2000), the concentration of template
NA is in significant excess over the concentration of
eplicase complexes. The dsRNA products were ana-
yzed by electrophoresis on 12.5% polyacrylamide gels
ontaining 0.1% SDS (Patton et al., 1999b) and detected
y autoradiography. A phosphorimager was used to
uantify the amount of dsRNA product detected on the
els. Replicase assays were repeated 3 to 4 times and
imilar results were obtained among the experiments.
ligo inhibition assay
Eight overlapping oligos (Life Technology) comple-
entary to the 39-end of the gene 8 mRNA were tested
or the ability to inhibit the synthesis of (2) strand RNA in
pen-core replication assays. All eight oligos were 14
ucleotides in length and their sequences are shown in
ig. 5. In the inhibition assays, the oligos were added to
final concentration of 500 nM to standard reaction
ixtures which lacked open cores. After incubation at
2°C for 1 h to allow the oligos to anneal to the template
NA, open cores were added and the reaction mixtures
ere incubated for an additional 2 h at 32°C. The dsRNA
roducts were analyzed as above.
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